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PREFACE 


During the past decade the question of gross body composi- 
tion has been subject to an increasing interest. The study pre- 
sented here was started because of the fundamental impor- 
tance of data in this respect. The task was on a human material 
to analyse the relationship between energy metabolism and an 
anthropometric measure of body size not including the vari- 
able amount of fat. In order to obtain the required data the 
density of a number of male and female subjects was meas- 
ured by hydrostatic weighing and the fat content was calcu- 
lated from the density value. The standard oxygen consump- 
tion was determined on the same subjects. 

The influence of body size on standard metabolic rate has 
been investigated in comparative studies of the animal king- 
dom. Earlier it has not been possible to apply the results of 
these studies on comparison between individuals or groups 
within the human species. All data of human standard meta- 
bolic rate indicate a difference between the sexes. In this study 
the standard metabolic rate of males and females was com- 
pared with respect to the size of the fatfree body mass. This 
made it possible to apply data from other species on the ma- 
terial and in the analysis of the influence of body size, it 
appeared that the difference in standard oxygen comsumption 
between the sexes is due to difference in fat content and body 
size. 

The maximal energy production was also determined. This 
was made by testing the pulse reaction of the subjects during 
submaximal work and extrapolating the values to express 
maximal oxygen consumption. Concerning the maximal energy 
production there are very few comparative data from other 
species. Therefore the influence of body size on this function 
was estimated by a dimensional analysis. Because the circula- 
tion is of fundamental importance for the level of maximal 
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power of an organism, and dimensionally correct formulas can 
be used for estimating the work of the heart, the influence of 
size was analysed for this function. In this way the influence 
of size on maximal energy production could be predicted and 
the estimation thus obtained was applied on the experimental 
data. For sake of simplicity it appeared necessary to use other 
units than those conventional in physiological work and the 
MKS unit system proved to be very suitable. 

For a comparative purpose and for a dimensional analysis 
quantitative anatomical data were often required. The data 
that can be found in literature, however, are very meager. It is 
hoped that this work may show the need for further quanti- 
tative anatomical investigations. Fundamental physiological 
questions can be treated only against an adequate anatomical 
background. If more data of this type could be obtained, a 
more complete dimensional analysis of the energetic charac- 
teristics of animal life seems to be an interesting field for 
further studies. 
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Chapter I 


DENSITY OF THE HUMAN BODY 


Method 


The concept of weight per unit volume was first used by 
ARCHIMEDES in his investigation on floating bodies. According 
to Virruvius, this investigation was initiated by the need of 
a method for determining the proportion of silver mixed in a 
crown of King Hiero supposed to be made of pure gold. 
ARCHIMEDES determined the weight per volume of the crown, 
pure silver and pure gold. The incentive, which led to the 
discovery of the method, is known from the following story 
told by Virruvius. 

“Archimedes made many and various wonderful discoveries. 
Of all these the one which I will explain seems to be worked 
out with infinite skill. Hiero was greatly exalted in the regal 
power at Syracuse, and after his victories he determined to set 
up in a certain temple a crown vowed to the immortal gods. 
He let out the execution as far as the craftsman’s wages were 
concerned, and weighed the gold out to the contractor to an 
exact amount. At the appointed time the man presented the 
work finely wrought for the King’s acceptance, and appeared 
to have furnished the weight of the crown to scale. 

However, information was laid that gold had been with- 
drawn, and that the same amount of silver had been added in 
the making of the crown. Hiero was indignant that he had 
been made light of, and failing to find a method by which he 
might detect the theft, asked Archimedes to undertake the 
investigation. While Archimedes was considering the matter, 
he happened to go to the baths. When he went down into the 
bathing pool he observed that the amount of water which 
flowed outside the pool was equal to the amount of his body 
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that was immersed. Since this fact indicated the method of 
explaining the case, he did not linger, but moved with delight 
he leapt out of the pool, and going home naked, cried aloud 
that he had found exactly what he was seeking. For as he ran 
he shouted in Greek: ‘Heureka, heureka.’ 

Then, following up his discovery, he is said to have taken 
two masses of the same weight as the crown, one of gold and 
the other of silver. When he had done this, he filled a large 
vessel to the brim with water, into which he dropped the mass 
of silver. The amount of this when let down into the water 
corresponded to the overflow water. So he removed the metal 
and filled in by measure the amount by which the water was 
diminished, so that it was level with the brim as before. In 
this way he discovered what weight of silver corresponded to 
a given measure of water. 

After this experiment he then dropped a mass of gold in like 
manner into the full vessel and removed it. Again he added 
water by measure, and discovered that there was not so much 
water; and this corresponded to the lessened quantity of the 
same weight of gold compared with the same weight of silver. 
He then let down the crown itself into the vase after filling 
the vase with water, and found that more water flowed into 
the space left by the crown than into the space left by a mass 
of gold of the same weight. And so from the fact that there 
was more water in the case of the crown than in the mass of 
gold, he calculated and detected the mixture of the silver with 
the gold, and the fraud of the contractor.” 

There exist two variants of the method of ARCHIMEDES for 
determining density, D, which can be used on living test sub- 
jects. The first variant consists of weighing and volume deter- 


mination independent of each other; the second one of hydro- | 


static weighing. Both procedures have been used in measure- 
ments on human test subjects, and from a physiological point 
of view they are equal. Therefore either alternative may be 
chosen which gives the highest accuracy. 
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DENSITY OF THE HUMAN BODY 


Let us analyse the possibility of determining the density of 
a body which has the weight of 60 kg and the volume of 54 to 
60 1. The desired accuracy is +1 kg/m*. If the method of 
independent determination of weight and volume is used, the 
density is calculated from the formula: 


where M equals mass and V equals volume. 

In order to obtain the desired accuracy the errors in M and 
V must not exceed .03 kilograms or liters respectively. If the 
volume is determined by submersion of the test subject in a 
water tank, the diameter of the tank must be about 60cm in 
order to allow for fat test subjects. With this diameter the 
displacement of the level of the water surface created by the 
submersion of the subject must be read with an accuracy of 
+.1 mm. Since it is not possible to read the level of the water 
surface with such a degree of accuracy, this method is not 
considered practicable. Another procedure for volume deter- 
mination has been used by KonHurauscu. He placed the test 
subjects in an air-tight tank and the air space was reduced by 
a known quantity of water. The pressure in the tank was read 
before and after a 10 % reduction in the volume. The pressure 
in the tank can be increased, at most, by .1 bar. If the pressure 
is increased more than this, the test subject may be caused 
severe ear pains. Under these circumstances the pressure has 
to be read within .05mm Hg and the temperature within 
01° C in order to obtain the desired accuracy. If the volume 
of the air space in the tank of KoHLRAuSCH is determined 
through introduction of a foreign inert gas, this must, after 
complete mixing, be determined within .005 % of the concen- 
tration. The technical difficulties connected with the volume 
determination independent of the weighing are apparently too 
big to make them a proper basis for determining the density 
of the human body. 
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The other variant of the methed of ARCHIMEDES is hydro- 
static weighing. In this case D is determined from the formula 


M, M, 
—6 
D= --Q+(1 1.2-10 


where M, = weight in air 
M,, = weight in water 
Q = density of water 
1.2-10—* = density of air 


The second term, which is the correction for the influence 
of the air on the weighing, may be eliminated since it will be 
too small to affect the first place digit. Q is 994 at the temper- 
ature of 35° C and must consequently be taken into account, 
which means that the temperature of the water has to be 
determined within + 1°C. In the quotient ah. a the 

M,—M,, 
value of M.,, is the critical number. If the error in M, is less 
than .1 kg, it is required that the error in M,, does not exceed 
.04 kg if D shall be determined within + 1 unit. Apparently 
there are no technical difficulties in making a hydrostatic 
weighing with this accuracy. Consequently this method has 
been used and a weighing device for human test subjects, as 
shown on the figure below, has been constructed. 

The main parts of the apparatus are a water tank, a pen- 
dulum balance, and a chair in the tank connected by a system 
of levers with the pendulum balance. This is equipped with 
an adjustable damping and a tareing device. The capacity of 
the balance is 20 kg, and it has a maximum error of 10g. 
The tank has a brim outlet which enables the water level to 
be kept constant. The height of the chair can be adjusted so 
that when the subject is sitting upright the water level will 
be at his neck. 

A hydrostatic weighing is performed in the following way. 
The tank is filled with tap water the night before the experi- 
ment in order to let the excess of dissolved gases escape. If 
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DENSITY OF THE HUMAN BODY 


Device for hydrostatic weighing shown with and without watertank. 


this is not done small gas bubbles will appear on the skin Weighing 
of the test subject and will affect the result of the under-water procedure 


weighing. By means of an electrical heater the water is 
warmed so that by the following morning it will be 30° to 
35° C. A lead plate weighing 12 kg is placed on the chair, and 
before the experiment the chair and the lead plate are tared 
together. The test subject must have fasted 12 hours before 
the experiment, and immediately before the experiment, the 
subject must empty his bowels and bladder. After weighing 
in air, the test subject is placed on the chair in the water tank 
with the lead plate in a position across his thighs. No part 
of the subject must touch the walls of the tank. A clip is placed 
over the subject’s nose to keep water from entering his nasal 
passage. He is directed to make a maximal expiration and 
immediately after to lean forward so that all the head is 
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covered by water. At this moment the balance is read as soon 
as the pointer is stabilized. After the reading a signal is given 
to the subject to lift his head above the surface of the water. 

The procedure is repeated a number of times. It appears 
that the weight in the water is increased the first three or 
four times, and then remains constant. The reason for this 
is that maximal expiration is not obtained until after three 
or four attempts. In the calculation of density that value is 
used which after a number of measurements has shown to 


be constant. 


M, 
M,—M,, 


M 
D is substituted by T° the equation may be solved with re- 


p= 


If in the formula 


spect to V, and will then be 


In this way the volumes of the bodies of the test subjects are 
calculated from the value obtained through hydrostatic 
weighing. 

This volume, however, includes the gas filled spaces in the 
body, and the volume of the tissues of the body will be the 
total volume minus the volumes of these spaces. One part of 
the total gas filled spaces in the body, namely the residual 
volume of the lungs, may be experimentally determined. 

in this connection, only that residual volume is of interest 
which exists under the experimental conditions in hydrostatic 
weighing. BrozEk et al. have shown that this is less than 
residual volume measured under normal conditions. In our 
measurements we have used a simplified procedure with 
hydrogen-air mixtures. A rubber bladder of the same type as 
used in a narcosis apparatus is emptied of air and the connect- 
ing rubber tubes are closed by forceps. Then through one of 
the tubes 21 of air and .35 1 of hydrogen of room temperature 
are forced into the bladder. A sample from the mixture is 
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DENSITY OF THE HUMAN BODY 


taken. The other tube of the bladder is connected with a 
mouthpiece, the volume of which is .051. This is made while 
the test subject is being weighed in the water tank. When 
constant reading of the balance in the hydrostatic weighing 
has been obtained, the residual air is determined. The test 
subject is again asked to make a maximal expiration. The 
mouthpiece with attached rubber bladder is put into the 
mouth of the test subject. After this the connection between 
the mouthpiece and the bladder is opened and the test subject 
inhales all the gas content of the bladder. He is asked to 
exhale rapidly and, in this way, he rebreathes the content of 
the bladder three times. This takes a period of about 10 sec- 
onds. After the last expiration the bladder is sealed and the 
mouthpiece taken away from the mouth of the test subject. 
A new sample of the content is taken. 

After some further hydrostatic weighings, being made with 
the purpose to insure that maximal expiration is kept constant, 
the determination of residual air is repeated. The second 
determination is made after an interval of at least five minutes, 
and during this time at least three maximal expirations lave 
been made. This guarantees that no hydrogen is left in the 
lungs of the test subject. After the second determination of 
residual air, the experiment is completed. The gas samples 
from the bladders are analyzed through combustion of hy- 
drogen in an apparatus for gas analyses. From the concentra- 
tion of hydrogen in the bladder before mixing with the air 
of the lungs, the residual air is calculated with correction for 
the dead space in the mouthpiece. The residual air in the 
lungs is corrected to body temperature and pressure and sat- 
uration with water vapor. 

One condition for a correct determination of residual air is 
that the gas mixture in the bladder is completely mixed with 
the air in the lungs. This condition is investigated by GroL- 
MAN and Honwi CuRisTENSEN for acetylene in a similar de- 
vice. They have both found that three respirations are enough 
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for complete mixing of gas. RAHN, FENN, and Otis obtained 
the same results in a method for determining residual air 
by means of dilution with pure oxygen from a spirometer. 
LINDHARD and BrratuH have shown that diffusion of hydrogen 
in the blood of the lungs is not rapid enough to make an 
error of importance for the method. Consequently there are 
reasons to believe that the used method will give an accurate 
value for the residual air of the lungs. 

The error of the method has been determined through 
statistical analyses of the double determinations. In 121 double 
determinations the difference between the first and the second 
determinations is between -+-.20 and —.23 1 with a mean differ- 
ence of zero. The standard deviation, $.D. or o, is determined 
from the formula 

2(n — 1) 

It is .059 1 for one determination, and consequently the S.D. 
of the mean of two determinations is .042 ]. Using the method 
of LinpHARD, ASTRAND obtained the corresponding S.D. of .055 
and .039. Consequently, the values for residual air obtained in 
the modified method are as reproducible as in the original 
method. The lack of difference between the first and second 
determination proves that there is no influence of the first de- 
termination on the second, and that the wanted uniformity in 
maximal expiration during the experiment has been obtained. 
If the error in the determination of residual air was the only 
one in the determination of density, the error in this value for 
a test subject weighing 63 kg with a volume of .06m’* 
(D = 1050) would be .7. 

Hydrostatic weighing was made on every test subject on two 
different days. On the basis of the double values obtained in 
this way, the error for the method was determined and found 


to be 1.1 (error in V = .0651) for one determination, and .8 


(error in V = .0461) for the mean of two determinations. The 
error in one determination, 1.1, is due to the error in deter- 
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DENSITY OF THE HUMAN BODY 


mination of residual air, .7 units of dersity, and of other 
errors, for instance in the reading of the balance, variations in 
the volume of the body, and so on. The size of the errors other 
than that of the residual air can be calculated from the re- 
lationship 


total 


= 0;7 + + 

It will be .9 corresponding to an error in volume determina- 
tion of about .05 1. Considering that an error in the determina- 
tion of residual air of the obtained size is impossible to avoid, 
the total error apparently cannot be very much reduced by 
attempts to eliminate the other causes of error. In spite of this, 
it seems worthwhile to discuss what these errors are. It may 
be thought that there are systematical errors in the deter- 
mination with a variance of the calculated size. There is reason 
to believe that the most important source of error is the 
volume of the gas filled spaces in the body other than the 
lungs. 

The part of the body, except for the lungs, which contains 
the largest amount of gas, is probably the gastro-intestinal 
channel. The conditions under which the weighing procedure 
is performed have been chosen with the intention of making 
these gas volumes as small as possible. The investigation is 
made under fasting conditions in the morning and after the 
test subject has been asked to empty his bowels. Still the 
intestinal channel cannot be made completely free of gas in 
this way. Therefore, experiments have been made with the 
purpose to determine the volume of the intestinal gases. 

When a subject is exposed to low barometric pressure, all 
the gases in the body expand, which results in eructations and 
voiding of flatus. This may easily be brought about experi- 
mentally through exposition to a barometric pressure of .25 
bar, corresponding to an altitude of about 10000 m. If the 
volume is determined through hydrostatic weighing before 
and after exposition to the low barometric pressure the volume 
of the voided gases could be calculated. A number of experi- 
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ments of this type, however, did not give the expected results. 
No statistically significant reduction in the volume was ob- 
served, and in some experiments the volume had even in- 
creased in connection with the test. The explanation for this 
is probably that the test subject had swallowed air, in his 
attempt to equalize the pressure in the middle ears, during 
the period when the low barometric pressure was raised to 
normal. 

Some experiments of another type were also made with the 
purpose to determine the volume of the intestinal gases. A 
test subject was placed in a water tank on a chair suspended 
from a balance of the steelyard type. The whole apparatus was 
placed in the low pressure chamber. A hydrostatic weighing 
was performed after maximal expiration, and after that the 
pressure in the chamber was reduced to approximately .6 bar. 
Then another hydrostatic weighing was performed. However, it 
was impossible to obtain reproducible results under these 
conditions. The steelyard balance was not damped, which 
resulted in too long a delay before the balance could be read. 

The consequence of this was too big a stress on the test 
subject under low barometric pressure, even though he was 
allowed to breathe oxygen before the weighing. There are 
reasons to believe the experiment could be performed success- 
fully with a better weighing device in the low pressure cham- 
ber, but this was impossible for us to arrange. 

The determinations of the gases of the gastro-intestinal 
channel found in literature do not permit a satisfactory con- 
clusion regarding this question. The values found by Roitu 
on two executed subjects are not applicable because they had 
probably not been fasting. BLair et al. tried to determine the 
gas volume in the abdomen in the following way. A test subject 
was enclosed in an air-tight chamber, and the subject was 
directed to make a forced expiration with an open glottis and 
a maximal contraction of the abdominal muscles. The reduc- 
tion of the pressure in the chamber during this experimeni 
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was registered. The same experiment was repeated after the 
subject had swallowed a carbonated fluid containing a known 
quantity of carbon dioxide. From the pressure changes in the 
chamber the compression of the abdomen was calculated. The 
observed changes in pressure in the chamber which were read 
after 5 to 10 seconds in an expiratory position corresponded to 
volume changes of .1 to .21. The calculations resulted in the 
conclusion that the normal amount of gas in the abdomen was 
in the order of size of one liter. 

In the experiments of BLar et al., the chamber was kept at 
room temperature. The expired air, however, has a temper- 
ature of 37° C and is saturated with water. When about three 
liters of air is expired, as occurs in maximal expiration, this 
comes in contact with the steel walls of the chamber and must 
rapidly cool down. A fall of temperature of the expired air 
to 27° C would reduce the volume about .1 1. This explains 
most of the reduction of pressure in the chamber in the ex- 
periment before intake of a carbonated fluid. Consequently 
the amount of gas in the abdomen is overestimated through 
this source of error, and the experiments are not considered 
reliable because no attention has been paid to the temperature 
conditions. 

Keys and Brozek criticized these experiments from other 
points of view. They made X-ray investigations of the gas 
content in the abdomen which were, however, not described 
in detail. Their conclusion was that .05 to .1] gas in the gastro- 
intestinal channel is about the upper limit for gas content of 
a normal test subject who had been instructed to void flatus. 
Perhaps our own unsuccessful experiments for measuring the 
gas content of the abdomen confirm the supposition of Krys 
and Brozex; if larger amounts of gas had existed in the ab- 
domen they should have been detectable even with our unsatis- 
factory technique. Recently MarsHALL et al. found the normal 
average abdominal gas volume to be 115 ml. The volume of gas 
in our experiments must apparently be lower than this value. 
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The result of these considerations is that because of the 
small amount of gas in the abdomen there will always be a 
systematical error in the measurement of density. This is of 
the order of size that the density value will be influenced by 
one to two units. Because this error is so minute and the value 
so approximate, there is no reason to make an adjustment for 
this source of error. Still it seems probable that this error is the 
main reason for the variations in density, due to other reasons 
than the uncertainty of the measurements of residual air. 


Material 


Using the technique as described in the previous pages, the 
density has been determined on 35 male and 35 female test 
subjects. Of the male test subjects, 27 were in the age range 
of 19 to 30 years, and 8 in the age range of 31 to 40 years. Of 
the female test subjects, 34 were in the age range of 19 to 30 | 
years, and one was 35 years. Most subjects were students at a 
school of physical education, and the remainder were em- 
ployed by this school. All subjects were in a good state of 
health. In the following table the mean height and weight are 
given and compared to the corresponding values for a normal 
Swedish population in the 20 year age groups, as determined 
by Broman et al. 


Own values BROMAN’s values 
é Q 


Height. . . .cm 177.9+1.2 1694+ .7 178.2 1665 
S.D. of height . cm ae 6.0 5.1 
Weight ...kg 69.3414 62.3212 67.2 59.4 | 
S.D. of weight . kg 69 7.5 6.1 


It appears that the differences with respect to height and 
weight between our test subjects and those of BROMAN are 
small. The significance of the differences cannot be calculated | 
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because BroMAN did not give the number of test subjects. 
Probably the difference is statistically significant only for the 
height of the women. 

The difference between the sexes in our material, with 
respect to height, is 8.5 + 1.39 cm, and with respect to weight, 
7.0 + 1.84 kg. In both cases the difference is statistically signif- 


icant with p value of less than .001. In anthropological char- 
acterization there is often reason to give a measure on the 


relationship between height and weight. In our material we 
have used the ratio height over cubic root of weight. We have 
used this ratio not because it is superior to other indexes, but 
because it is used by SHELDON in his studies on the human phy- 
sique, and consequently exists in larger modern investigations. 

In the following table the values of height over cubic root 
of weight are given. For comparison the corresponding values 
have been calculated from height and weight means of 20 year 
old subjects as determined by Broman et al. Because of the 
method of calculation there may be an error in the second 
decimal in the values based on BroMAn’s data. 


ae 
- 
Os 
3 


40.00—40.99 
41.00—41.99 
42.00—42.99 
43.00—43.99 
44.00—44.99 
45.00—45.99 
46.00—46.99 


— 


Total number of subjects. 35... ... £35 


Mean from BroMan’s values 43.83 . . . . . . 42.54 


Ponderal 
index 
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From the table it can be seen that there is no major disagree- 
ment between our values of ponderal index and those cal- 
culated from BroMan’s figures. 

The difference between the sexes with respect to the used 
ponderal index is .59 + .32, and the probability of the dif- 
ference is 0.05 << p<..1. The difference of the means of the 
sexes is approximately equal to .1 of the total observed range 
of variation. 

From the comparison with the data of BRoMAN et al. we 
may conclude that our material may be considered as normal 
from an anthropological point of view. In the division of the 
material in sexes, it shows that as in normal material the males 
are taller and heavier than the women, but the difference in 
body constitution as measured with a ponderal index is small 
and not statistically significant. 

In the following table the result of the measurements of 
density is given. 


Density 
1 040—1 049 1 10 
1 050—1 059 1 11 
1 080—1 089 9 — 

1 090—1 099 1 — 
Total number of subjects 


For the whole material the mean density is 1060 + 2, $.D. + 


+ 17. The range of density in the material is 62 units, if cal- | 
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culated as the difference between the highest and lowest 
value, and if calculated as + 3-S.D.. is 102 units. Because, as 
is earlier mentioned, the error of the method measured as 
S.D. of a single determination is 1.1 units of density, this is 
very small as compared with the range. This means that the 
method is very useful for characterization of an individual 
with respect to density. 

The difference between the mean values for density of the 
male and female subjects is 24 + 3 with a p value of less than 
.001. The difference is more than one third of the total range 
for density. In comparison with the corresponding values for 
ponderal index this indicates that density determination is a 
measure of a biological quality, which is different from that 
one expressed by ponderal index. Also, if the individual values 
for density and ponderal index are plotted against each other 
no correlation appears. 
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INTERPRETATION OF THE VALUE 
FOR BODY DENSITY 


Measurements of human body density, or “specific gravity,” 
have been undertaken since the middle of the 18th Century, 
and older investigations are summarized by Boyp, 1933. All 
these measurements were influenced by the unknown quantities 
of gases in the body, especially in the lungs. Therefore, there 
did not exist any possibility of utilizing the method of ARcui- 
MEDES to determine the composition of the body with respect 
to various components with different densities. No other con- 
clusion from the older measurements could be drawn than 
“that obesity tends to decrease specific gravity” (Boyp). The 
first measurements of the volume of the lungs in connection 
with determination of total body volume were made by 
BEHNKE et al., 1942. After measurements on 99 male test sub- 
jects in the age range of 20 to 40 years, BEHNKE arrived at the 
conclusion that “Excess fat... is viewed as the prime factor 
governing the level of specific gravity.” 

BEHNKE’s interpretation of his data is based on the opinion 
that the organism consists of a “lean body mass” of uniform 
composition and of a variable amount of “adipose tissue.” 
Since these two masses have different values of density, the 
relationship between “lean body mass” and “adipose tissue” 
may be calculated from the gross body density. Later on the 
concept of “lean body mass” is criticized by Keys and Brozexk. 
Therefore, a discussion of the reality behind the idea of a 
“lean body mass” and the possibility of computing the amount 
of body fat from the value of gross body density seems neces- 
sary. 

The gross body composition with respect to the different 
tissues has been known since the fundamental anatomical 
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studies of BiscHorF, 1863, and von Liesic, 1874. Unfortunately, 
the data of BiscHorr and von LieBic have been over- 
looked in modern discussions on the same question. One recent 
study on the body composition is published by Forses et al. 
in 1953. Except for these publications, we were not able to 
find any appropriate studies on human corpses which can be 
considered as normal. 

BiscHoFF, VON LieBic, and Fores et al. have all studied 
corpses of persons in the 20 to 40 year age range, who had 
died through execution, accident (head injury) or suicide by 
hanging. BiscHorF and von LieBic made their dissections 
within a very short interval after death, while Forses et al. 
kept the corpse at —18° C for one month before dissection. 
All of the investigations seem to have been made with a good 
anatomical technique. The various body organs and tissues 
were weighed, and attention was paid to the possible source of 
error by evaporation. 

In the tables on the following page those values are extracted 
from the publications which pertain to the question of the 
composition of that part of the body which is liberated of 
adipose tissue. Apparently the data of BiscHorr, von LiEBic 
and Forses et al. support BEHNKE’s concept of a “lean body 
mass” of approximately uniform composition. For the follow- 
ing discussion we define “lean body mass” (L.B.M.) as the 
total mass of the body minus the mass of adipose tissue. This 
does not mean that L.B.M. is entirely free of fat. It contains 
fat, for instance, in the central nervous system and especially 
in the bone marrow. This type of fat BEHNKE labels as “essen- 
tial lipoids.” 

Fat tissue has an important characteristic which makes it 
differ from “essential lipoids.” This characteristic is that if fat 
is added to or taken away from fat tissue, both weight and 
volume change. If fat, on the other hand, is taken away from 
the bone marrow, another substance must be added because 
the volume is anatomically determined. If fat from the bone 
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Body composition of corpses dissected by 


BIsCHOFF VON LIEBIG 

Ig II ¢ I II ¢ I ¢ 
(a) Total. . kg 69.67 55.40 55.75 76.51 53.80 
(b) Skeleton. kg 11.08 8.39 11.46 13.94 9.46 
(c) Musele . kg 29.10 19.85 23.06 32.19 21.39 
(d) Skin . . kg 4.85 3.18 3.52 4,23 3.4] 
(e) Fat tissue kg 12.57 15.67 6.16 11.03 6.12 
(f) CNS. .: ky 1.70 1.61 1.73 1.76 1.6] 
(g) Liver. . kg 1.60 1.25 1.72 2.18 : 
(h) a—e . kg _ 57.10 39.73 49.59 65.48 47. 
21.1 23.1 21.3 19.9 
50.0 46.5 49.2 45.0 
8.5 8.0 7.1 6.5 7.2 
ae eer. 3.0 4.1 3.5 2.7 3.4 
a 2.8 3.1 3.5 3.3 2.6 
MEd eee 18.0 28.3 11.0 14.4 114 


Mean composition of human body liberated of adipose tissue 


Other organs, tissues and body fluids . 


Tissue 
Skeleton 21.0 
Muscle 48.3 | 
C.N.S. and big nerves . 3.3 
Liver . 3.1 
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marrow is used, the total body weight will increase. In emaci- 
ation the fat from the yellow bone marrow is used by the body, 
and is substituted by a gelatinous substance which is poor of 
fat. It is not known at what stage of emaciation this phenomena 
appears. 

Now the L.B.M. is composed of soft tissues, including body 
fluids (blood) and skeleton. In order to determine the density 
of L.B.M., knowledge of the densities of the components is 
required. The heaviest components of L.B.M. are muscles, skin, 
blood, liver, nervous tissue, and skeleton. As is seen from the 
preceding table, muscles make up about 48 % of L.B.M., the 
skin about 8 % and the liver and nervous tissue each about 
3%. The blood volume is determined by SJOsTRAND on 172 
subjects with a mean weight of 70 kg to 5.251. We estimate 
this to be about 9 % of L.B.M. Finally, the skeleton makes up 
about 21 %. 

Of the measurements found in literature on the density of 
muscle tissue, the value given by NADESHDIN seems trustworthy. 
He determined the specific gravity of different tissues in ex- 
periments where samples of tissues were floated in benzene- 
chloroform mixtures. His material consisted of 200 cases for fo- 
rensic autopsy. For striated muscle tissue and heart muscle tissue 
NADESHDIN found a specific gravity of 1.049 at 11.5°R on 
samples from young, healthy subjects. From this figure the 
density at 37° C is computed, assuming that the coefficient of 
cubical expansion for the tissue is the same as that of water, 
and the density of muscle tissue will then be 1 043. 

Only one value for the density of the skin is found in litera- 
ture. In the year 1832 ScHiUBLER and Kaprr determined the 
specific gravity of “allgemeine Bedeckung ohne Fett” to 1.057 
which, computed to normal skin temperature of 30° C, will be 
a density of 1053. The density of blood at body temperature 
is about 1 052. This figure is obtained through re-computation 
of the value given by VAN SLYKE et al. The density of liver 
tissue, calculated from the determinations of NADESHDIN, is 
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1059 and for nervous tissue is 1035. The remaining parts of 
L.B.M. consist of different organs. According to the measure- 
ments of NADESHDIN the values of density for these organs can- 
not differ very much from that of muscle tissue. 

On the basis of the density figures and the figures for the 
composition of L.B.M. previously stated, we can estimate that 
L.B.M. contains 56 % tissue with the density 1 043, 8 % with 
the density 1053, 9 % with the density 1052, 3% with the 
density 1 059, and 3 % with the density 1 035. Now the density 
of all the soft tissues together may be computed. We denote the 
combined density of all the soft tissues as D,. Because the total 
volume equals the sum of the volumes of the components, we 


may write: 
D, = 1045 


The main inaccuracy in this computation is due to the un- 
reliability of the value for the density of the skin. According 
to Fores et al. the skin contains 57.71 % water, while the 
water content of muscle tissue is 70.09 %. Supposing that the 
density of the skin is the same as that of muscle tissue dried 
to 57.71 % water content, we would obtain a value for density 
of 1068. If in the computation above 1 068 is inserted instead 
of 1053, D, would be 1047. Another inaccuracy is due to 
normal variations in the water content of the body. It is known 
that body weight measured under standard conditions may 
vary from one day to another up to .5 kg. The main reason for 
this must be variances in water content. This influences the 
density of the soft tissues of L.B.M. with .5 units. Consequently, 
we can estimate the density of the soft tissues of L.B.M. to 
1 045 with a possible range of variation of about 2 units. 

Determinations of the density of the whole skeleton are not 
to be found in literature. For parts of the skeleton there are 
single measurements. SCHUBLER and Kaprr have found the 
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specific gravity of caput femoris to be 1.267; of the diaphys 
of the femur, 1.791; of the temperal bone, 1.613; and of the 
sphenoid bone, 1.501. Krause and FiscHer determined the 
specific gravity of the spongeous substance of the long bones 
to be 1.21 to 1.24, and that of the compact substance to be 
1.90 to 1.96. ForBes et al. determined “density by water dis- 
placement” of tibia to be 1.25 and of ulna to be 1.30. Ap- 
parently it is impossible from these values to calculate the 
value for density of the whole skeleton. 

Neither is the chemical composition of the whole skeleton 
known exactly enough. Forsks et al. examined the composition 
of bones with respect to water, ether extract, protein, and ash, 
but the analysis was made on “representative portions” without 
stating which and how big these portions were. However, their 
analysis showed that the quotient protein/water differs signifi- 
cantly from the same quotient for other tissues. Consequently 
a calculation of the density from the chemical composition 
using the densities of other tissues must contain large errors. 
Because the analysis of Fores et al. may still give an indi- 
cation of the probable density of the entire skeleton, their 
figures for the chemical composition of tibia, ulna, and the 
whole skeleton are quoted in the following table. 


Representative 
Tibia Ulna__. portions of 
total skeleton 


Ether extract . . % 49.12 . . 19.91 . . 25.04 


From the table it is seen that ulna contains less water and 
ether extract than the entire skeleton. The density of ulna, 
therefore, must be the upper limit for the density of the entire 
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skeleton. Tibia, however, has, with a slightly higher ash con- 
tent, a double percentage of ether extract than the entire 
skeleton. The density of tibia consequently must be a lower 
limit for the density of the whole skeleton. The consequence 
of this is that the density of the whole skeleton must be 
somewhere between 1.25 and 1.30, or, if calculated as kg/m’, 
between 1 250 and 1 300. 

If we now calculate the density of L.B.M. from the data of 
body composition and density of different tissues, we can ap- 
parently just obtain limiting values. A calculation of these 
limits has been made and the result is given in the following 


table. 

Lower Upper 

limit limit 
Soft tissues and body fluids. . % of L.B.M. 81 77 
1250 1300 
Soft tissues and body fluids. . density 1043 1047 


The consequence of the figures given in the preceding table 
is that it is not justified to give a figure for the density of 
L.B.M. more accurate than in the third digit. But we must 
take into consideration that the inaccuracy of a value for 
the density of L.B.M. does not reflect true variations. There 
are reasons to believe that the density values of the different 


components of the body are biologically determined within | 


very narrow limits. Consequently we may state fixed values 


for the density of the skeleton and the soft tissues, and cal- | 


culate the range of variation of the density of L.B.M. due to 
variations in the relationship between skeleton and soft tissues. 
Supposing the density of the skeleton is 1 280, and that of the 
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soft tissues and body fluids is 1045, we have a density of 
L.B.M. of 1091 at 23 % skeleton, and of 1 083 at 19 % skeleton. 
Whatever the value for the density of L.B.M. is, the range of 
variation between different individuals will be limited to the 
order of size of about 10 density units. 

Keys and Brozek, in their criticism of BEHNKE, have ex- 
pressed the opinion that “A major obstacle to the use of the 
concept of the ‘lean body mass’ or even of the ‘fat-free mass’ 
is the fact that the composition of the body, apart from fat, is 
not independent of the amount of fat in it.” Let us now in- 
vestigate the fact on which Keys and Brozek support their 
conclusion. 

BEHNKE, in one experiment on a test subject who was put 
on a restricted diet for seven months and lost 9 kg of weight, 
found that the lost tissue had a specific gravity of .94. Krys 
et al. studied ten men, who during a period of six months 
gained weight by simply over-eating, and found that the den- 
sity of the gained tissue was .9478 kg/l. Because the density 
of pure fat is .9000 kg/l at 37° C, according to the very exact 
determinations by Fipanza et al. it is evident that the added 
tissue must contain something more than pure fat. 

Unfortunately the detailed experimental data of this investi- 
gation are not yet published, but the result is given in the sum- 
marizing paper of Krys and BroZex, 1953. There it is stated 
that the ten subjects together gained 114.41 kg in weight 
and 120.71 1 in volume. In order to determine the accuracy of 
the calculated value of density of gained tissue, we must know 
the S.D. of the volume determination. This is given by Krys 
and Brozek for the technique used in their laboratory to 
+.061 1. Supposing that the real value for the volume will be 
within +3-S.D., the added error valid for the sum of 20 de- 


terminations will be +3 - 06/20 = +.81. The density of the 
“gained tissue” will then be within the limits .954 and .942 
kg/l. This calculation is based on the assumption that only 
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one determination is made before and one after the period of 
weight gain, which is certainly not true. On the other hand, it 
has been supposed that the error in volume determination is 
the single error in the experiment, which is not true either. 

In an attempt to make a closer determination of the com- 
position of the gained tissue, Keys et al. determined thiocya- 
nate space on their ten test subjects. They found that 16.01 kg 
of the weight increase was extra-cellular fluid, computed from 
the assumption that this is 70 % of thiocyanate space. The 
figure 16.01 can not possibly be very exact. KEYs and Brozek 
have given the S.D. for thiocyanate space as 1.58 % of body 
weight. The error in the sum of 20 determinations will be 
+11.1 kg of extra-cellular fluid. If the increase in extra-cellular 
fluid as percentage of total weight increase is computed, in- 
cluding this error, it will be between 23.8 % and 3.4 %. 

In order to use a value of extra-cellular fluid for analysis of 
the composition of a tissue with a certain density, knowledge 
is required of the density of cellular matter as separated from 
extra-cellular fluid. Keys and Brozexk assumed this value to 
be about 1.057 kg/l. Because there does not exist a method for 
separating the cells from the extra-cellular fluid and then 
determining their density, there is no direct method for de- 
termining the validity of this assumption. The determination 
of thiocyanate space implies that the investigation is extended 
by a quite inaccurate method, and that a new unknown factor 
has been introduced in the calculation. 

The question is now if the gained tissue of Keys and Brozek 
with the density of 948 differs from adipose tissue in anatom- 
ical sense. In the literature just one measurement is found 
of the density of adipose tissue. SCHUBLER and Kaprr have 
given the specific gravity of adipose tissue to be .971. Correct- 
ing their value to density at 37° C, and using the coefficient of 
cubical expansion for pure human fat given by Fipanza et al. 
we obtain a value of density of 957, which is reasonably close 
to the value given for gained tissue by Krys and Brozek. 
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A theoretical computation of the density of adipose tissue 
can be founded on the analysis of its chemical composition 
made by Forses et al. They have tound that it contains 
23.02 % water, 71.57% ether extract, 5.85% protein, and 
.20 % ash. Supposing that fat tissue is composed of pure fat 
plus tissue with the same quotient protein/water as muscle 
tissue, plus excess extra-cellular fluid, the fat tissue of ForBes 
may be calculated to 72 % fat, 24 % tissue, and 4% excess 
fluid. The density of fat is 900, the density of the tissue cannot 
differ very much from 1043, and the density of excess fluid 
is, as given by Keys and Brozex for extra-cellular fluid, 1 002. 
Calculating the density of all the adipose tissue from these 
values, we obtain a figure of 936. 

The given values of the density of adipose tissue are of Variable 


course both inaccurate and differ somewhat from the density ‘ssue equals 
adipose 


of gained tissue, as found by Keys et al., but in opposite direc- i 
S. 


tions. Until something else has been shown the simplest inter- 
pretation of the experiment of Keys et al. must be accepted. 
That is that gained tissue does not differ significantly from 
adipose tissue in an anatomical sense. One small difference 
possibly exists, and that depends on the fact that in gaining 
weight the surface area of the skin increases, but the weight 
gain of the skin must be very small in comparison to the 
weight gain of the adipose tissue. Assuming that adipose tissue 
is composed of fat with the density of 900, and connecting 
tissue with the density of 1 043, and that the adipose tissue has 
a density of between 954 and 952, it may be calculated that 
this adipose tissue contains between 59 % and 67 % pure fat. 
The consequence of the analysis of the over-feeding experi- 
ments of Keys et al. is that the part of the body changing 
through simple over-eating is adipose tissue, and the L.B.M., 
if the definition which has been stated previously is used, 
remains essentially unchanged. These experiments seem to be 
the best experimental support for the original idea of BEHNKE. 
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Because the use of the concept of L.B.M. is well supported 
by the anatomical and physiological data hitherto known, we 
have put down in a general form the relationship between 
L.B.M., the adipose tissue, and the density of the total body. 


1 a l—a 
where D = total body density 
D, = density of adipose tissue 
D, = density of L.B.M. 
a = fraction of adipose tissue of the body 
1 — a = fraction of L.B.M. of the body 


If solved with respect to the fraction of adipose tissue of the 
body, the equation will be: 


If we now designate the fraction of skeleton of the L.B.M. as s, 
the fat fraction of the skeleton as f,, and the fat fraction of 
adipose tissue as f,, we may compute the added fat fraction 
of the total body (f) from the formula: 


D,: D, D, 


from density 


D,:D, D, 
+ 


It is earlier stated that there are reasons to suppose that an 
individual variation of D, between 1091 and 1 083 exists, de- 
pending on the variation of s. If we accept the values of Krys and 
Brozexk for D, and f, (948 and .62 respectively) and for f, the 
value .25 given by Fores et al., we may by introducing these 
values in the general formula obtain two different values for 
f. These values are the limits between which f, at a certain 
value of D, may vary, depending on individual variances in s. 
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We obtain for s = .23 (D, = 1091) 


4 068 
— ~~ — 3.672 
f=—-—3.67 
and for s=.19 (D, = 1083) 
f= — 3.973 


For exemplifying what this means, we may compute the value 
of f at the density values of 1072 and 1048, which are the 
mean densities for our male and female test subjects. 


s f at density 1 072 f at density 1 048 


The inaccuracy of the determination of f as a function of D 
is impossible to avoid without having a method for measuring 
the amount of bone within the body. Possibly there are small 
individual variations in other points also, for instance, in the 
value of f,, but there is no doubt that the relative weight of 
the bones is the main one. Against this background, hitherto 
published and used formulas for the fat content as a function 
of D are too precise. It should be sufficient to use a formula 
where the values of the constants are rounded off, for instance 


—4 


As a substitute for the concept of L.B.M., Keys and Brozek 
proposed the use of a “reference body” for judging the mean- 
ing of a density value found on a test subject. This “reference 
body” is computed on the basis of an investigation by BrozeK 
on 25 healthy men in the age range of 23 to 29 years. The mean 
values of these were: with respect to height, 176.5 em, weight, 
70.60 kg, and density, 1.0629 kg/l. This “reference man” is 
supposed to have a fraction of fat of 14 % of the total body 
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weight. This assumption they consider to be supported by the 
following calculation. In such a reference body, the amount 
of bone mineral is supposed to be 6% and the amount of | 
extra-cellular fluid, 16 % of total body weight. With a fat 
content of 14 % the density of the remaining tissue, “cellular 
matter,” will be 1.057 kg/l. But as earlier stated, this value is 
not only unknown, but even with known methods is impossible 
to verify directly. The calculation apparently belongs to the | 
group of considerations which Krys and Brozexk denote as 
“very rough armchair computations.” 

From the assumptions mentioned above and from their 
measurements of the composition of “gained tissue,” Krys and 
Brozek derived a formula for the fat content of the body. 
Transcribed to the MKS unit system, the formula is: 


4201 
— 3.813 


In this formula the presumption of a certain value of density | 
for the fat free body is implicit for the range of fat content | 
in which the formula is used. This is evident if we write: 


62 
D 62+ 947.8 D, 


where D.,, equals the density of the fat free body. If the values 
for D and f, from the suggested reference body, are inserted, 
we obtain 


D,=1102 


If the equation is written to express f as a function of D, with | 
this value of D, used as a constant, we obtain the formula as 
given by Keys and Brozex. D, is not, of course, the density of 
L.B.M. in the reference body. Supposing that the 14 % of fat 
is distributed on adipose tissue and fat of the skeleton which, 
according to Forsks et al., is 25 % of the weight of the skele- 
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ton, we may compute the fraction of fat tissue in the reference 
body. Using the mean value of 21 % for the fraction of skele- 
ton of the L.B.M., it may be computed from the following 


formula: 
.62-a-+ .21-.25(1—a) = .14 
a = .1542 
Now the density of L.B.M. may be computed: 
1 1 — .1542 
1062.9 948 D, 
D, = 1087 


If now L.B.M. contains 21 % of skeleton and the remaining 
tissues have a density of 1 045, the density of the skeleton will 
be 1 280. This value indicates that the assumption of 14 % fat 
in the body of the reference man, as calculated by Krys and 
BrozeEk, can not be very much in error. 

The first published formula for computing fat content was 
given by RaTHBUN and Pace. Having shown that fat content of 
guinea pigs could be calculated from the specific gravity of the 
carcass, they gave the following formula for humans: 


5.948 


% fat = 100 — 5.044 
sp. gr. 
In all there are five alternative formulas: 

4 

i) f= — 3.672 

(3) f= — 3,973 
4 400 

3 

(3) 
4201 

4) 

(4) f D 3.813 
5.548 
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CHAPTER II 


Formula (1) expresses the probable upper limit for the fat I 
content at a given value of density, and formula (2) gives the 


lower limit for the fat content. Formula (3) is an approxi- 


mation within those limits. Formula (4) is given by Keys and | 


BrozeEk, and formula (5) by RATHBUN and PACE. 
In the following table the fat percentage for the density 
values 1 080, 1 060, and 1040 using the five formulas is given. 


D (1) (2) (3) (4) (5) 


In using Formula (5) the density values have been changed 
to express specific gravity at 30° C, because probably RaTHBUN 


and Pace calculated their formula for this temperature of the | 


water bath. 

The formula of RATHBUN and PACE gives percentages of fat 
definitely outside the limits which are probable from the 
recent knowledge of the human body. Consequently this for- 
mula should not be used. Formulas (3) and (4) give both 
values in the middle range between the values calculated 
from the formulas (1) and (2). Because the difference in the 
values from formulas (3) and (4) is so minute, there is no 
reason to prefer one to the other. In order not to create con- 
fusion we have in the following calculated the values for fat 
content from formula (4), because this has been used in other 
studies. As follows from the previous discussion, this does not 
mean that we accept the derivation of the formula of Keys 
anc Brozek. 

In the calculations we have used the formula in a slightly 
modified form. The total amount of fat in the body may be 


calculated if f is substituted by a , where M denotes the total 
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INTERPRETATION OF THE VALUE FOR BODY DENSITY 


mass of the body in kilograms and F denotes the mass of fat 


in kilograms. Furthermore, D may be substituted by > where 


V denotes total body volume in cubic metres. Then the for- 


mula will be: 
F=4201-V —3.813-M 


We have applied the method of computation of fat content 
on the obtained values for density of the test subjects. In the 
following table the distribution of fat content, as percentage 
of total body mass, is given. 


Fat, % 
4 
] 3 
Total number of subjects . . 35 ..... 35 


The mean percentage of fat content for male subjects is 10.6 %, 
and for female test subjects, 20.3 %. The error in the deter- 
mination depends on two sources of error. The first one comes 
from the inaccuracy in density determination and will be 
about +.6 %. The second one comes from the normal vari- 
ations in the composition of L.B.M. If we suppose that the 
mean density +S.D. is the density of the extremes of the five 
corpses dissected by BiscHorr, vON LieBic, and Forses et al. 
we can judge the error in fat percentage from this source. It 
will be in the order of size of 1.6 %. Consequently, the total 
error will be +1.7 % of fat, computed from the relationship 
0,7 = 017 + oy. Because the total observed range of fat con- 
tent is 25 %, the error is about one fifteenth of the range. 
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BODY SIZE AND STANDARD METABOLIC RATE 


In the preceding chapter it has been shown that density 
deiermination enables computation of the amount of fat within 
the body. This makes it possible to use the fat free body mass, 
or L.B.M., as a parameter for a series of functions for which 
there is a priori reason to believe that the amount of fat or 
adipose tissue respectively does not influence the function in 
question. In studies of the so-called “hereditary obese-hyper- 
glycemic syndrome” in mice, MAYER et al. have found that 
these fat mice, with the total body weight exceeding the double 
of the normal controls, have the same standard oxygen con- 
sumption as the controls. BEHNKE has presented convincing 
arguments for the supposition that L.B.M. would be a better 
parameter for standard metabolic rate in man than normal 
values based on total body weight. 

MILLER and BLYTH investigated L.B.M. as a_ reference 
standard for metabolic rate, but their material does not in- 
clude female test subjects. Because no direct experimental 
studies for a reference standard for metabolic rate based on fat 
determination, including female as well as male test subjects, 
can be found in literature, we have measured the standard 
metabolic rate on all the test subjects used in our investigations 
on human body density. 

The following method was used for determination of the 
standard metabolic rate. The test subjects slept in the labora- 
tory the night preceding the experiment. In the morning, 
before leaving their beds, the standard oxygen consumption 
was determined according to the method of Douetas. The sub- 
jects breathed through a mouthpiece, valve and rubber tube 
for five minutes. After this period the tube was connected to a 
rubber bag and the expired air was collected until the bag 
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BODY SIZE AND STANDARD METABOLIC RATE 


contained about 501. Immediately after that another bag was 
attached to the tube and a second sample of 501 of expired 
air was collected. The volume of the air in the bags was deter- 
mined by means of a spirometer. From each bag air samples 
were taken and analysed for their content of oxygen and car- 
bon dioxide, according to the method of HALpAne. For each 
experiment the oxygen consumption was calculated as the 
mean of the result from the two determinations. The determi- 
nation of the oxygen consumption was made on two different 
days. The mean of the results from these two experiments was 
used as the value for the standard oxygen consumption of the 
test subject. 

Through the result of the gas analyses the carbon dioxide 
production and the respiratory quotient were calculated. This 
was done only to insure that there was no hyper-ventilation 
during the experiment. In the following we give all the meta- 
bolic rates as ml O2/min. 

The standard metabolic rate for the male test subjects was 
269 + 4.72, S.D. 27.92, and for the female, 226 + 3.32, S.D. 
19.64. The error of the method was calculated from the result 
of the double determinations, and was, for one determination, 
13.5, and for the mean of two determinations, 9.5. For all test 
subjects we have compared the result w'*h the standard value 
as given by Boornsy et al. Expressed as percentage of the 
value as denoted by the standard, we obtain for the male test 
subjects a mean value of 104.2 + 1.62 %, S.D. 9.58 %, and for 
the female, 105.6 + 1.15 %, S.D. 6.80 %. 

It is seen that our values for standard oxygen consumption 
are somewhat higher than the standard values according to 
Boorusy. The probable explanation for this is an anthropolog- 
ical difference between the Swedish and the American pop- 
ulation. In BrozeK’s investigation the mean density of 25 men 
in the age range of 23 to 29 years was 1 063. The mean density 
for our male test subjects is 1 072. Consequently, our test sub- 
jects. are leaner than those of Brozek. If Brozex’s value is re- 
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presentative for the American population, our test subjects 
must be leaner also than the test subjects of Boorusy et al. 


This might be the explanation of the difference between our | 


values and the American standard. 

Let us now compare the standard metabolic rate for the 
male and the female test subjects, using different parameters. 
Using kilogram body mass as parameter, we obtain for male 


subjects 3.91 + .071 ml O2/min/kg, and for the female sub- | 


jects 3.65 +: .055 ml O:2/min/kg. This difference has a prob- 
ability of .001 << p< .01. The mean body weight of the men 
is 70 kg, and of the females, 62 kg. Consequently the men have, 
at a greater body weight, a larger oxygen consumption per kilo 
than the women. Using the body surface calculated from the 
formula given by Du Bots, the relationship between male and 
female will be the same. The oxygen consumption of the male 
is 144 + 2.19 ml O2/min/m”, and for the female, 131 + 1.73 ml 
O.2/min/m?. The difference has a probability of p < .001. 

Earlier BEHNKE as well as Krys and Brozexk, through esti- 
mations of the fat content of men and women in a normal 
population, drew the conclusion that the difference between 
the sexes with respect to the standard metabolic rate would 
disappear if L.B.M. or fat free body weight was used as para- 
meter. There do not seem to exist any direct investigations 
on this question. An analysis of our material could possibly 
throw some light on the problem. 

The first task would then be to decide whether L.B.M. or 
fat free body weight should be used as parameter. It seems to 
be clear a priori that the amount of fat within the body should 
be without influence on the oxygen consumption. The cellular 
matter of the adipose tissue, however, cannot be considered as 
metabolically inactive. Therefore, it seems most reasonable to 
calculate the standard oxygen consumption with the fat free 
body weight and not the L.B.M. as parameter. 

In our material the total body weight minus the computed 
weight of the fat (M—F) is, for the male subjects, 61.76 + 
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BODY SIZE AND STANDARD METABOLIC RATE 


+ 1.14 kg, and for the female, 49.98 + .81 kg. In the following 
table the distribution of the individual values is shown. 


As seen from the table, we have found that the standard 
metabolic rate is higher for the males than for the females, 
if weight or body surface is used as parameter. Using fat free 
body weight as parameter, the relationship between the males 
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M—F $,% Fatfree body 
mass of test 
45.00—49.99 sti 9 
50.00—54.99 4 14 
65.00—69.99 8 
70.00—74.99 3 
75.00—79.99 1 — 
Total number of subjects. . . 35 . ..... =. 35 
The standard oxygen consumption per kilogram (M — F) 
is, for the male subjects, 4.37 + .070, S.D. .414, and for the 
' female, 4.54 + .066, S.D. .379 all values in ml O2/min. The 
| probability of the difference is .05 < p<.1. 
In the following table the standard oxygen consumption of 
the male and female subjects is given for different parameters. 
Standard metabolic rate in ml O2 per minute per Parameters 
individual Mkg body surface m? (M—F)kg for metabolic 
rate 
$éas%of? 119 . . 107 
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and females is probably reversed. However, the values of all 
the parameters are higher for the males than for the females. 
Consequently we have to investigate whether the difference 
in metabolic rate is determined exclusively by the differences 
in body size, or if there is reason to believe that other factors 
cause a difference in metabolic rate. 

The problem in the relationship between body size and 
metabolic rate has been discussed for more than one hundred 
years. The most important contributions to the question come 
from comparative studies on the whole animal kingdom. Our 
special problem cannot be discussed without taking the funda- 
mental data from the general biological studies into consider- 
ation. 

The huge amount of literature in this field makes it impos- 
sible for us to give a complete quotation from all the studies 
on this question. More complete references are found in the 
interesting monographs by Bropy, KLemBER, and HEMMING- 
SEN. Here just a short review of the most important studies 
made in the past is given. 

Sarrus and RAMEAUX seem to have been the first to give a 
general formulation for the relationship between body size 
and metabolic rate. They draw, from the circumstance that the 
body temperature for homothermal animals is constant and 
the same for different species, the conclusion that the pro- 
duction of heat must be proportional to the area of the body 
surface from which the heat loss occurs. Their theory is an 
attempt to apply NEwTon’s law of cooling on this physiological 
problem. Later studies by a long series of investigators, among 
which especially the names RicHET, RUBNER, and VoIT must 
be mentioned, seem to support the theory which in literature 
often is called RUBNER’s law, or surface area law. 

The main characteristic of this theory is that the prime 
factor is supposed to be the loss of heat to the surrounding. 
The production of heat must then be regulated so that body 
temperature may be maintained. The consequence of this as- 
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pect was that the area of the body surface must be measured 
or calculated as accurately as possible. Numerous attempts to 
determine the area of the body surface from simple biometric 
data have been made. The formula for surface area in man of 
Du Bots is an example of these attempts. 

Objections against this so-called surface area law appeared 
early in the discussion. When HorssLin made the experiment 
to keep similar dogs at different surrounding temperature, it 
appeared that these dogs maintained approximately the same 
standard metabolic rate, but the dog kept in a cold environ- 
ment developed a protective fur. When, later on, it was shown 
through numerous investigations that also cold-blooded ani- 
mals showed about the same relationship between body size 
and metabolic rate, the difficulties for the explanation of 
metabolic rate as governed by the heat loss were obvious. 

HoEessLIn pointed out that in organisms a series of functions, 
for instance absorption of food, are surface functions, and conse- 
quently must be more proportional to surface area than to 
body weight. Later on, DREYER et al. showed that the sectional 
area of the aorta and the trachea of animals of different size 
are approximately proportional to M2, 

In his funda:uental work Respiratory Exchange of Animals 
and Man Krocu opposes the more or less teleological character 
of the arguments for the surface area law. Krocu writes: “In 
the opinion of the writer the reasons against Rubner’s view are 
very strong, and the line of inquiry initiated by Dreyer is much 
more likely ultimately to clear up the relationship between 
size and metabolism. The metabolism should not therefore be 
expressed per sq. m. or any other unit of surface but as a func- 
tion of W". For warm-blooded animals n can be taken, at least 
provisionally, as 2/3.” In this quotation, W is used as the sym- 
bol for total body mass. 

In later comparative studies, many investigators have used 
Krocu’s system for designating metabolism and have cal- 
culated the value of n in the equation metabolism = k- M". 
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These studies have given important results. It has appeared 
that the exponent n for adult warm-blooded animals is be- 
tween .75 and .70, according to KLEmBER and Bropy. Further- 
more, it has appeared that the same value of n is also valid 
for comparison between different cold-blooded animals with 
a minimum total body mass of about | mg (for data see HEm- 
MINGSEN ). In this case the value of k is different from that valid 
for warm-blooded animals. ZEUTHEN, who studied the marine 
microfauna, has found that n = .95 for small metazoa to or- 
ganisms containing about 1 mg nitrogen. For protozoa he 
found that n=.7. HEMMINGSEN furthermore extended the 
comparison to plants and showed that the carbon dioxide pro- 
duction of the aerial leafless parts of beech trees followed the 
same function as the metabolism of cold-blooded animals. 

BEneEbIcT, who contributed to the discussion with a large 
amount of carefully collected data of standard metabolism in 
different species, did not agree with the way of expressing 
metabolism as a function of M". His opinion is that “this 
method of presenting the data completely masks metabolic 
differences within the species and distorts or obscures striking 
differences between species.” Further he writes that “... all 
attempts by mathematical means to secure a uniform expres- 
sion of the basal metabolism findings on different animal spe- 
cies are utterly futile.” 

Krocnu’s and BENeEpDICcT’s views are not only different opin- 
ions in a question of matter, but they also represent two en- 
tirely different scientific ways of thinking. There does not seem 
to be any doubt about which is the most productive method if 
the purpose of science shall be something more than the col- 
lection of as many separate detailed data as possible. 

Concerning the explanation of why the exponent is closer to 2/3 
than to 1, the discussion has not given any more definite results. 
One explanation is that the fact that big animals have a lower 
metabolic rate per unit of body mass than small animals is 
the result of natural selection. The empirically found relation- 
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ship between body size and metabolic rate is supposed to have 
a “survival value.” KLEIBER gives this thesis the following for- 
mulation: “In natural selection, those animals prove to be 
better fit whose rate of oxygen consumption is regulated so 
as to permit the more efficient temperature regulation as well 
as the more efficient transport of oxygen and nutrients.” It 
appears doubtful how this thesis can apply to standard meta- 
bolic rate, since this is a pure product of laboratory conditions. 
If we should go out into nature and try to find an animal 
under standard conditions, that is fasting during complete mus- 
cular relaxation, we would have to search for a long time. 
This behaviour in animals would mean a definite negative 
“survival value.” Just under one condition, and that is during 
the period of sleep, the conditions approach those existing in 
metabolic experiments in the laboratory. When the climatic con- 
ditions make maintenance of body temperature difficult, differ- 
ent protective mechanisms are taken advantage of by various 
species. The migrating birds seek a warmer climate, and the hi- 
bernating animals lower their metabolism and body temperature. 
The large animals might have the problem of maintaining body 
temperature low enough, but the important thing is that they 
are able to maintain body temperature even though they have 
a higher metabolic rate than the standard. For the elephant, 
whose life is one continuous meal, body temperature must be 
maintained under the conditions of eating and searching for 
food, which includes muscular activity. It is characteristic that 
BENEDICT, in his study of the physiology of the elephant, found 
only one among sixty-three elephants which could be used for 
metabolic studies, and this one was adapted to the life in New 
York City. The remark of ZEUTHEN that “... the basal meta- 
bolism in mammals—as in other animals—is adapted to the 
needs of the species to a lesser extent than the species are 
adapted to the metabolism derived according to their body 
size and the phylogenetic history of their whole groups” con- 


tains a more important view of this problem. 
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Other scientists tried to solve the problem by studying 
energy output of tissues isolated from animals of different 
sizes. Kress draws from his studies of tissue respirations the 

Tissue conclusion that “The characteristic differences in the basal 

respiration rate of heat production in animals of different size are to be 

attributed mainly to variation in the Qo, of the musculature.” 

von BERTALANFFY and PrrozyNsky, however, could not con- 

firm the conclusion of Kress, but found in direct comparative 

studies of the tissue respiration of the musculature that this 

did not decrease with increasing body size to an extent which 

would explain the value for the exponent n. These authors, 

also discussing other possibilities for explaining the value of n, 

arrived at the conclusion that “none of the explanations pro- 

posed (decline of total metabolic rate as based upon decrease 

of the rate of tissue respiration, upon thermoregulation, upon 

decrease of Q), of musculature, upon the relative decrease of 

‘metabolically active’ organs, upon age) is consistent. It ap- 

pears that the decline in basal metabolic rate depends on re- 
gulative factors lying in the organism as a whole.” 

These attempts to explain the value of n all have one thing 
in common, they presuppose a biological explanation for 
the deviation of the value of n from the figure 1. The 
value n= 1 seems to be considered as the most natural one. 
Already Hoessuin has objected to this way of looking at the 
problem, and has written: “Diejenigen, die annehmen, das 
Natiirlichste ware, der Umsatz verhielte sich wie die Korper- 
gewichte der verschiedenen Thiere und nicht wie die Quer- 
schnitte, miissen die Voraussetzung machen, es lasse sich im 
KO6rper leicht eine Einrichtung denken, welche bewirke, dass 
in der Zeiteinheit durch den physiologischen Querschnitt des 
Korpers eine Blutmenge stréme, die nicht proportional der 
Grésse des Querschnittes, sondern proportional der des K6rper- 
gewichtes selbst ware. Es liesse sich dies jedoch tiberhaupt nur 
unter ganz gewaltigen morphologischen Aenderungen und voll- 
kommenem Verzicht auf die Aehnlichkeit im Bau verschieden 
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aber ist es ganzlich unmdglich.” 

Later on LAMBERT and TEISSIER, and TEISSIER made a funda- 
mental theoretical analysis of the problem. They originated 
from the hypothesis that the quotient between the times 
required for equivalent physiological events, for instance the 
time for a heart beat, in animals of different size equals the 
quotient between corresponding anatomical lengths. They 
found that the only relationship between the total energy 
output of animals of different size, which is consistent with 
the approximation that animals of different size are uniform, 
is the quotient of the respective masses raised to the power 2/3. 

We may summarize the present knowledge of the relation- 
ship between body size and standard metabolic rate derived 
from comparative studies in the following way. With increases 
in body size, the standard metabolic rate per kilo body mass 
decreases. The influence of body size is best expressed by the 
relationship standard metabolic rate equals k-M", where the 
value for n is between 2/3 and 3/4. There does not exist any 
generally accepted biological explanation for this empirically 
found value for n. 

Let us now apply this relationship on our material and in- 
vestigate what values for standard metabolic rate we obtain 
using (M—F)?® and (M—F)** as parameters. The results 
of the computations are summarized in the following table. 


Standard metabolic rate in ml O» per minute per kg (M — F)" 


n= 3/4 


Using either value for n, the difference between the sexes is 
minute and in no case statistically significant. This means that 
we have failed to detect any difference between the sexes with 
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respect to standard metabolic rate except that one which de- 
pends upon differences in fat content and body size. Hitherto 
we have just argued from the means of the male and female 
subjects. Because of the conclusion stated above, we can now 
consider the material as one population with respect to meta- 
bolic rate. Through putting the values for M— F and for de- 
termined metabolic rate in logarithmic form, we can now cal- 
culate the value of n in all of our material. This value will be 
the regression coefficient for the best straight regression line 
between log (M—F) and log metabolic rate. We find then 
that n = .70 + .06 and the correlation coefficient is .80 + .04. 
As expected the value for n is significantly different from 1, 
but not from 2/3 or 3/4. 

MILLER and BLyTH, in their study on 47 male and 1 female 
subjects, have found the best value for n in the relationship 
between L.B.M. and standard metabolic rate to be .64 + .03. 
However, they used a different formula for determining L.B.M. 
and actually did not measure the volume of residual air. 

From our study and that of MILLER and BLYTH, we suggest 
that in future studies on the influence of body size on standard 
metabolic rate, the fat free body mass raised to the power 2/3 
be used as a reference standard. 
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BODY SIZE AND MAXIMAL METABOLIC RATE 


In the study of the relationship between standard metabolic 
rate and fat free body mass we have shown that the latter is 
a good anthropological measure of body size. However, the 


' study has been limited to oxygen consumption under resting 


condition. In the following we want to extend the investigation 
' to maximal oxygen consumption in order to decide whether the 
density determination may result in a measure for body size 


which is also appropriate in this connection. 


The maximal oxygen intake in normal man has been deter- 
mined in an extensive study by AsTRAND. Later on ASTRAND 


and RYHMING, mainly on the basis of AsTRAND’s material, elab- 
| orated a method for computing the maximal oxygen intake 


of an individual from the pulse rates at sub-maximal work. 
The method for the computation is given as a nomogram. 

Our material is practically identical with that of AsTRAND; 
as he had done we used primarily students at the college 
of physical education as test subjects. Our subjects were all 
tested by means of sub-maximal work on a bicycle ergometer, 
following the same procedure as AstrAND. Therefore we con- 
sider it to be justified to calculate the maximal oxygen intake 
from the nomogram. 

The sub-maximal work test was performed in the following 
way. The test subject pedalled the bicycle ergometer keep- 
ing pace with a metronome set at 50 cycles per minute. The 
amount of work is determined by the break force applied on 
the fly wheel. The work was started at a low intensity which 
was increased at timed intervals. For each work intensity 
the work was performed for a period of six minutes. The pulse 
rate was taken at the end of each six minute period. The work 
intensity was increased until a pulse rate of at least 150 beats 
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per minute was reached. From the pulse rates at the different } 
work intensities the maximal oxygen intake was computed by | 
means of the afore-mentioned nomogram. The experiment was | 
performed twice on separate days. The mean value of the! 
maximal oxygen intake computed from these two experiments © 
has been used as the value for maximal oxygen intake of a test | 
subject. 

The found mean values for maximal oxygen intake were, | 
for the 35 male test subjects, 3.91 + .09 1 of oxygen per minute, | 
and for 34 female test subjects, 3.06 + .09 1. One of the female | 
test subjects failed to perform the work test. The mean weight 
of the male test subjects was 69.3 kg, and that of the female | 
subjects, 62.8 kg. Consequently the male test subjects have, at | 
a 10 % higher body weight than the females, a 28 % higher 
maximal oxygen intake. 

In AsTRANp’s material, where the maximal oxygen intake | 
was directly determined, the male test subjects had at a 17 %_ 
higher body weight than the females, a 42 % higher maximal | 
oxygen intake. 

Now we want to investigate whether a difference between the | 
sexes remains if a measure of body size based on the density 
determinations is used as parameter. In the study of standard 
oxygen consumption we have used M — F as a measure of body 
size. This measure does not contain the amount of fat in the 
body, but it contains the cellular matter of the adipose tissue. 
However, it is reasonable to suppose that this does not greatly 
influence the maximal oxygen intake. Consequently the com- 
plete mass of the adipose tissue should be subtracted from the 
total body mass if we want to have a parameter for the maxi- 
mal oxygen intake. However, we do not know what percentage 
of the yellow bone marrow is cellular matter and body fluid 
under normal conditions. Therefore we have made the rough 
approximation that all the fat of the body is connected with 
cellular matter in the same ratio as the adipose tissue, or that} 
all the fat in the body exists in tissue which contains 62 % of 
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pure fat. Consequently we have used M — <. as parameter for 


maximal oxygen intake. Probably this value will be a little 
too low, but we do not believe a closer approximation is justi- 
fied from the present knowledge of the composition of the 
skeleton. 

The maximal oxygen intake, however, cannot be supposed 
to be a linear function of the parameter mentioned above. 
Our male test subjects have, at a body weight of 70 kg, a maxi- 
mal oxygen intake of about 4 | per minute. If a mouse weighing 
20g would have the same maximal oxygen intake per unit 
body mass as a man, it would be only 1.14 ml of oxygen per 
minute. This is, however, just a little more than the double 
standard oxygen intake. Evidently there can not be a linear 
relationship between body size and maximal oxygen intake. 

In the comparison between our groups of test subjects, the 
male and the female, with respect to maximal oxygen intake, 
we are apparently in the same difficulty as concerning stand- 
ard oxygen consumption. That is, the degree to which body 
size in itself influences that function which we want to com- 
pare with respect to the sexes. Here the problem is much more 
difficult because there do not exist comparative studies over 
an interval big enough to allow any conclusions to be drawn 
on the influence of body size itself. An analysis on the in- 
fluence of body size on maximal oxygen intake therefore must 
be purely theoretical. 

In his discussion of the relationship between standard meta- 
bolic rate and body size, Krocu considered the line of inquiry 
which takes the size of the section area of the aorta and the 
trachea into consideration, as the one which could possibly clear 
up the relationship between size and metabolism. It seems as 
though this idea could be applied to advantage on the maximal 
metabolism because under these conditions the organs for 
circulation and respiration work close to the limit for their 
capacity. Now we want to start our analysis from the data 
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which may be evaluated for the work of the heart at maximal 
metabolic rate. 

The theorem of BERNOULLI admits a computation of the 
energy content of a particle of fluid flowing through a tube. 
This theorem has been applied within physiology many times 
for computation of the increase in energy content delivered 
to the blood through the work of the heart (see for instance 
Evans). For a heart with two ventricles the energy equation 
written in the MKS system is as follows: 


Ey=V-p 4 V +—D-V-0,? 


In order to be applied to the total work of the heart the 
equation should be integrated with respect to the actual form 
of the pressure-time and the velocity-time curves. If this is not 
done the result will be an underestimation of the energy, 
especially the kinetic one, which has been shown for a turtle 
heart by Katz. However, there do not seem to exist any sup- 
ports for the assumption that the form of the curve should be 
dependent upon the size of the heart. Therefore, for our pur- 
poses the approximation can be made that a calculation based 
on mean pressure and mean velocity may substitute a com- 
putation based on the complete integral function. 

By inserting actual values in the energy equation we may 
now calculate the energy delivered by the heart. We will com- 
pute the mechanical energy delivered in one minute for a 
heart model approximately corresponding to the human heart 
and which works with a minute volume of 41 at rest and 401 
at maximal metabolic rate. For the different constants of the 
equation we make the following assumptions. (1) pi, which is 
the mean arterial blood pressure during the period of expul- 
sion, is at rest about 120 mm Hg, or 16 000 newton per m?. At 
maximal minute volume, p; raises to about 200 mm of Hg, or 
26000 newton per m*. (2) D, which denotes density of the 
blood, may be approximated to 1 000 kg per m*. (3) v1, which 
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denotes the mean velocity of the blood in the aortic ostium 
during the period of expulsion, may be computed if the area 
of the aortic ostium and the time of expulsion are known. The 
area of the aortic ostium is known from anatomical investi- 
gations by Perts. He found on 91 examined cases the circum- 
ference of the ostium to be in mean 70.9 mm, which gives an 
area of 4cm?. The time of expulsion may be approximated to 
about one third of the complete heart cycle. With these values 
the mean velocity of the blood flow will be .5 m/sec at rest, 
and 5 m/sec at maximum minute volume. (4) p2 denotes blood 
pressure in the pulmonary artery. Under resting conditions 
this is about 20 mm of Hg, or 2 700 newton per m*. The cor- 
responding value at maximal minute volume is not known, but 
it may be supposed to be about 4000 newton per m?. (5) ve 
may be calculated in the same way as v;. According to PERLS 
the circumference of the human pulmonary ostium is, in mean, 
81.5 mm, and the area consequently about 5cm?. Therefore, 
ve will be .4 m/sec at rest, and 4 m/sec at maximal minute 
volume. 

From the constants assumed for our heart model, we obtain 
the following table giving the values for the work of the heart 


per minute. 

D- D- 
V /min V - py E,/min 
.004 64 10.8 32 75.6 
.04 1 064 500 160 320 2 044 


- If the work of the heart model is calculated per liter of ex- 
pelled blood, it will be for V = .004 about 19 Nm, and for 
V = .04 about 51 Nm. If we suppose that the oxygen content of 
the arterial blood is 200 ml/], and that 150 ml of oxygen can 
be utilized by muscle tissue we can calculate that 1 liter of 
blood can give a quantity of energy of 3 140 J. At a mechanical 
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efficiency of 25 %, this will be a mechanical work of 785 Nm. 
However, according to Katz the mechanical efficiency of the 
heart is of this order of size. That means that a minute volume 
of 40 1 of our heart model can only be obtained if 6.5 % of the 
total blood flow is deflected to the heart. 

In the energy equation, velocity may be substituted by the 
expression —. where A equals area (of the ostium) and t 
equals time of the expulsion period. If this is done the whole 
equation may be differentiated with respect to V and the 
amount of energy required for a delta increase in the minute 
volume may be calculated. It appears that an increase in the 
minute volume from 40 to 411 would require an increase of the 
energy output of the heart per minute by 94 Nm. This means 
that 12 % of the last liter of blood must be deflected to the 
heart in order to obtain energy equilibrium. 

There are reasons to believe that at maximal work a maxi- 
mal vasodilatation exists in the working organs. The consequence 
of this is that the part of the total flow which may be dis- 
tributed to the heart is anatomically determined. Apparently 
there must exist an upper limit for the energy output per unit 
time of the heart, which is dependent upon the anatomical 
structure of the blood vessels. 

If the conclusion drawn above from the energy equation, 
that the maximal working capacity of the heart is dependent 
upon the anatomy of the blood vessels of the heart, is valid, 
the maximal working capacity of the heart must also depend 
upon another factor, and that is the oxygen content of the 
arterial blood. If we assume that the fraction of the blood 
which may be deflected to the heart is independent of the 
oxygen content of the blood, and that the maximal minute 
volume of the heart is dependent upon the value of this frac- 
tion, it follows that the maximal energy output of the heart 
must be lower at lower oxygen content of the arterial blood. 
This follows from the fact that the energy required to expel 
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one unit volume of blood is practically independent of its 
oxygen content, but the energy liberated in the organ supplied 
by the same blood depends very much upon its oxygen content. 

The conclusion arrived at above is supported by an investi- 
gation on maximal physical work during breathing air rich 
in O2 made by NIELSEN and Hansen. They showed that the 
maximal oxygen intake was increased when oxygen was added 
to the inspired air. Their analysis of the experimental data in- 
dicated that the main part of the increase in the oxygen intake 
must depend on an increase in the maximal cardiac output. 
This, however, must be due to an increase of the working 
capacity of the heart depending on the higher oxygen content 
of the blood deflected to the heart itself. 

The important conclusions of our computations above are not 
the values themselves because these depend upon approxi- 
mations and suppositions which may deviate more or less from 
the real conditions in the human heart. Especially the assump- 
tion of the figure 1/3 for the fraction of the time for a com- 
plete heart cycle being the time for expulsion is a very rough 
one. Actually this fraction is increased with increasing pulse 
rate and this error in our calculations tends somewhat to exag- 
gerate the values for kinetic energy. The calculations, however, 
show the fundamental importance of the physical laws expres- 
sed by the theorem of BERNOULLI for considerations concerning 
maximal energy output of the heart. The calculations made 
are examples of the way of working of these laws for a certain 
heart size. 

The energy equation for the heart has one characteristic 
which makes it applicable on all heart sizes. This is that the 
constants in the equation are dimensionless and that all the 
terms express energy. Therefore, the constants of the equation 
are the same whether we want to apply the equation on a 
mouse heart or a horse heart. 

If we now theoretically construct heart models of different 
sizes working against the same blood pressure with blood of 
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the same oxygen content and being also anatomically uniform, 
we may directly, from the energy equation, derive the maximal 
minute volume as a function of size. Apparently the linear 
velocity at a maximal output must be independent of the size 


must be independent 
of the size of the heart. From our presumption of uniformity, 
however, A is a squared function of the length scale. If we 
apply the equation on one heart beat, V will denote stroke 
volume and ¢ the time for expulsion during this heart beat. 
The stroke volume for uniform hearts will be a cubic function 
of the length scale, and consequently ¢ will be a function of 
the first degree of the length scale. Because there is no reason 
to believe that the fraction of the time of the heart cycle, being 


of the heart. This means that also 


the time for expulsion, will be dependent on the size of the | 


heart, the total time for the heart cycle will also be a first 
degree function of the length scale. This means that the maxi- 


mal minute volume will be a squared function of the length | 


scale or a function of the weight scale raised to the power two- 
thirds. The maximal pulse rate will be a function of the length 
scale raised to the power —1, or a function of the weight scale 
raised to the power —1/3. 

In the preceding chapter we have mentioned the hypothesis 
of LamBert and TEIsSsIER which states that the times for equi- 
valent physiological events relate as the length scale. The con- 
clusion from our analysis is that for the maximal output of the 
heart, the hypothesis can be derived from the theorem of 
BERNOULLI and consequently in this case has a simple physical 
basis. 

The maximal metabolic rate must be a function of the 
minute volume for the case that arterio-venous oxygen dif- 
ference for different sizes of organisms is independent of size. 
For uniform organisms the maximal metabolic rate must con- 
sequently be a function of the body mass raised to the power 
two-thirds. As a curiosity, it may be mentioned that this re- 
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BODY SIZE AND MAXIMAL METABOLIC RATE 


lationship also seems to be valid within dead nature. Concern- 
ing combustion engines, SCHRON states that “die Leistung 
wiachst quadratisch mit dem Vergrésserungsfaktor” and that 


“die Literleistungen stehen im umgekehrten Verhiltnis des 
Ahnlichkeitsfaktors.” 

In all considerations made, no attention has been paid to 
the work of respiration. There are reasons to believe that this 
has as great an importance as the work of the heart, and that 
all energetic computations should be done with respect to the 
sum of the work for circulation and respiration. Om1s has given 
methods for the calculation of respiratory work in man. This 
problem, however, is very complicated. The consequence of 
this is that the formulas derived by Oris differ in one impor- 
tant way from the formula for the work of the heart. This 
difference is that the constants in the formulas for respiratory 
work have dimensions. This means that extrapolation outside 
the range within which the constants have been experimentally 
determined must be very inaccurate, which is also stressed by 
Otis. Therefore, a comparative analysis of the influence of size 
on maximal metabolic rate cannot be extended to include res- 
piration. An analysis from the energy equation for the heart 
seems to be the only way, at the present time, possible for 
obtaining an expression for the influence of body size on maxi- 
mal metabolic rate. 

From the considerations previously made, the maximal 
oxygen intake of our test subjects shall be computed per kg 


/8 
(“— =) . If this is done the maximal oxygen intake for 


the males is 263.2 + 4.50 ml O2/min and for the females 
248.9 + 7.13. The probability of the difference is .05 << p<.1. 

The difference between the sexes, with respect to physical 
working capacity, is small and not statistically significant if we 
use the parameter that is expected to be theoretically correct. 
However, the probability that there is a real difference is big 
enough to motivate the conclusion that it is doubtful whether 
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the male and female test subjects are biologically similar with 
respect to physical working capacity. There are reasons to in- 
vestigate whether there are biological differences which might 
explain why such a difference exists. 

One striking difference generally found between the sexes 
which, according to our earlier considerations, must influence 
the maximal metabolic rate is the O2 content of the arterial 
blood, which depends upon the relative hemoglobin. This 
difference is also found in our material. The values for hemo- 
globin content were determined on the test subjects through 
spectrophotometric determination of oxi-hemoglobin. Our 
male subjects had a relative amount of hemoglobin of 
14.95 + .17 g/100 ml blood. The corresponding figure for the 
females was about ten per cent less, or 13.47 + .12. 

Previously the conclusion from the energy equation was 
drawn, that the maximal minute volume must be reduced if 
the oxygen content of the blood is lowered. The influence of a 
reduction in content of hemoglobin, however, is more compli- 
cated. Through the reduction of the number of red blood cells, 
the viscosity of the blood is lowered. This reduces the energy 
content of the blood necessary for the flow of one unit of 
blood per unit time through the periferal vessels. This factor 
will reduce the arterial blood pressure at a certain minute 
volume and consequently reduce the work of the heart. A 
physically correct analysis of the summarized influence on the 
work of the heart of a reduction of the content of hemoglobin 
is, however, presently not possible. Therefore it is not possible 
to predict the influence of a reduction of hemoglobin on maxi- 
mal metabolic rate. However, it is obvious that some reduction 
of this value is to be expected. 

The difference between the mean values of the sexes of the 
calculated maximal metabolic rate per unit ( M— =)" is 
5.4 %. This difference could be explained by the difference in 
the hemoglobin content of the blood. 
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Chapter V 


RELATION BETWEEN MAXIMAL AND STANDARD 
METABOLIC RATE 


In the previous chapter the relationship between body size 
and maximal metabolic rate has been derived theoretically 
from the physical laws valid for the work of the heart. The 
question now arises if also the relationship between standard 
metabolic rate and body size for uniform organisms could be 
derived in the same way. 

This, however, does not seem to be possible. In standard 
conditions the heaviest tissue of the organism, the musculature, 
reduces its metabolism to a minimum and is for humans just 
between 20 and 25 % of the total body metabolism as shown 
by AsMuSSEN et al. This induces regulative reactions on the 
circulatory system which at rest is working under conditions 
where the energetic and hydrodynamic factors for the heart 
are not limiting. A dimensional analysis for organisms under 
these conditions would be possible only if approximations 
could be made for the relationship between these regulations 
and body size. An appropriate basis for assumptions of this 
type does not seem to exist. 

The fact still remains that the value for the exponent n in 
the equation metabolism = k- M" is reasonably close to the 
value for n derived for maximal work for similarly built organ- 
isms of different size. Therefore the possibility exists that the 
value for the standard metabolic rate is essentially determined 
by the highest metabolic rate possible. As an hypothesis, how- 
ever, it may be thought that in the adaptation to standard con- 
ditions homotherm organisms independent of size regulate the 
circulation down to a cardiac output, which is a constant per- 
centage of the maximal cardiac output. The standard metabolic 
rate would then be determined by an adaption of the different 
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organs in the development of species to the amourft of oxygen 
available through the circulation. 

If this hypothesis would be true, the role of metabolic rate 
in the development of species is easily understood. In natural 
selection the maximal metabolic rate must have a very high 
survival value. If an eagle is hunting a group of ducks that 
duck will be food for the eagle who is the poorest flyer and 
that is probably the one with the lowest maximal metabolic 
rate. On the other hand that eagle has the highest chance of 
success in the hunting who is the best flyer or has the highest 
maximal metabolic rate. In comparison with this essential quali- 
ty the standard metabolic rate apparently has a secondary im- 
portance. The whole structure of the body is probably in most 
species much more determined by the conditions existing 
during maximal work than by those during muscular rest. 
Therefore it seems quite probable, that the prime factor govern- 
ing the standard metabolic rate is the maximal rate for energy 
output of the organism. A question of importance seems to be 
how standard metabolic rate relates to the maximal one. 

The quotient between maximal and standard, metabolic rate 
is experimentally investigated on horses by Bropy, who found 
that “The ratio of maximal to minimal oxygen consumption is 
of the same order in horses and men, namely about 20...” In- 
vestigations on other species do not seem to be published. 
Determinations of this quotient for small homotherm animals 
also would be very valuable for further analyses. 

The statement by Bropy quoted above does certainly not 
justify the general conclusion that the ratio of maximal and 
standard oxygen consumption found in men and horses is the 
same for all homotherm animals. For the following discussion, 
however, we accept this generalization as a hypothesis being 
fully aware of the objections that can be made against theories 
which are not based on a sufficient amount of valid data. 

If the ratio of maximal and standard metabolic rate is the 
same for different animals the standard metabolic rate for 
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RELATION BETWEEN MAXIMAL AND STANDARD METABOLIC RATE 


uniform organisms would necessarily be a function of M2. 


For real organisms this is, however, as mentioned in chapter 
III, not the case; the value for the exponent is somewhat 
higher. 

This fact raises a question concerning standard metabolic 
rate quite different from the one we are accustomed to in the 
discussion on comparative physiology of metabolism. The 
problem hitherto has seemed to be why the value for n differs 
from 1. If the circulation is regulated in the way assumed 
above the question is why the value for the exponent differs 
from 2/3. 

This difference can apparently not be explained by the in- 
fluence of heat loss from the body surface. Small animals have 
difficulties in keeping temperature balance. This depends on 
the circumstance stressed by ZEUTHEN that “... small animals 
do not have the same opportunities as big ones for insulating 
themselves, because the maximum thickness of the fur is less 
and the available temperature gradient in the skin is shorter 
in small than in big animals”. ZEUTHEN continues “Consequent- 
ly, small mammals have all kinds of trouble in keeping warm. 
Had the metabolism in mammals been fully adapted to the 
needs of the organism we should have expected the metabolism 
to vary with a power... of the body weight smaller than 
2/3...” This would mean that in small animals an adaptation 
to the influence of heat loss would result in a lower ratio be- 
tween maximal and standard metabolic rate than in large 
ones. 

Hitherto we have argued from the assumption that animals 
of different size are uniformly built. In the investigation on 
human species this assumption seems to be justified for L.B.M. 
In the comparison between species, however, there are striking 
differences from this very rough approximation. ADOLPH has 
summarized data from various authors concerning body func- 
tion and body structure and has expressed the data as functions 
of k » M". Some values for n are given in the following table. 


61 


Heat loss and 
metabolism 


Deviations 
from 
uniformity 


CHAPTER V 


Function n 
Stomach intestines weight . . ....... . 


The values for organ weights in the table of ADOLPH indicate 
striking differences from the assumption that organisms of dif- 
ferent size are of uniform build. The exponent for myoglobin 
is considerably above 1, and the exponent for visceral organs 
is below 1. It is not impossible that these deviations from uni- 
tormity might explain why the exponent for metabolic rate 
differs from 2/3. 

The reasons why organisms of different size are not uniform 
might be of a physical nature. GALILEI seems to have been the 
first one who discussed this question. He showed that from 
pure mechanical reasons the supporting organs must have 
another form in big than in small animals. Also, HALDANE has 
discussed the same problem. Haldane writes: “... suppose that 
a gazelle, a graceful little creature, is to become larger, it will 
break its legs unless it does one of two things. It may make its 
legs short and thick, like the rhinoceros so that every pound 
of weight has still about the same area of bone to support it. 


62 


| 

| 

} 
] 
Cc 
le 
fe 
be 
d 

|_| 


ndicate 
of dif- 
oglobin 
organs 
ym. uni- 
lic rate 


niform 
een the 
it from 
t have 
\NE has 
yse that 
it will 
its 

pound 


port it. 


RELATION BETWEEN MAXIMAL AND STANDARD METABOLIC RATE 


Or it can compress its body and stretch out its legs obliquely 
to gain stability like the giraffe. I mention these two beasts 
because they happen to belong to the same order as the gazelle 
and both are quite successful mechanically being remarkably 


fast runners.” 

Bropy, who has collected a large amount of data concerning 
the question of organ weight in relation to total body weight, 
summarized the result of his analysis of the data in the follow- 
ing way: “The decline in the ratio of strength to weight is 
compensated in part by relatively larger increases in the size 
of the supporting structures than in nonsupporting visceral 
organs. Thus it comes about, that per unit total body weight 
larger animals have larger muscles and bones than internal 
organs; or, what is the same, the larger the animal, the smaller 
the ratio of visceral organs weight to body weight.” 

The obstacle against applying these facts to the question of 
metabolic rate is that we do not know the weight of the bones 
and the muscle weight of animals of different size. An analysis 
along these lines would require much more data of gross body 
composition of different animals than those which are avail- 
able now. 

However, it may be possible that the heavier weight of the 
locomotive organs in the big animals corresponds to a structure 
of the heart, which makes a higher maximal metabolic rate pos- 
sible than if the hearts were uniformly built. If our theory is 
correct, this would also result in a higher standard metabolic rate 
in large animals and the value for n would be higher than 2/3. 
This theory, however, is not supported by known data. Data 
concerning, for instance, such fundamental measures as the 
size of the heart ostia in different animals do not seem to exist. 

Another conclusion must be drawn from the demonstrated 
lack of uniformity in gross body structure of animals of dif- 
ferent size. This is that the idea of a uniform L.B.M. cannot 
be extended to the whole series of mammals. Apparently a 
different relative weight of the supporting organs in different 
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CHAPTER V 


animals will influence the composition of the L.B.M. and its 
density. How valuable the concept of L.B.M. is in intra-specific 
analyses, it is not justified to assume the same composition of 
L.B.M. in two different species. 

In this study we have tried to apply data from comparative 
studies and conclusions that can be drawn from dimensional 
analysis on some special problems in human metabolism. The 
main conclusion that can be drawn from our study is, that the 
use of the concept of L.B.M. very much facilitates this task. The 
concept of L.B.M. and fat free body mass, however, is also very 
useful in special investigations within human physiology. In a 
coming publication we will discuss some questions connected 
with the relationship between total hemoglobin, blood volume 
and fat free body mass. 
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SUMMARY 


By means of hydrostatic weighing human body density 
may be determined with an error of + 1.1 kg/m‘. 

In a material of 35 male and 35 female young healthy 
subjects the mean density was 1072 and 1048 kg/m* 
respectively. 

From the value for density the fat content of the body 
may be calculated with an estimated error of + 1.7 % 
of body weight. 

Mean fat content of the male subjects was 10.6 % and 
of the females 20.3 %. Mean fatfree body mass (M — F) 
was 61.8 and 50.0 kg respectively. 

From comparative studies the conclusion is drawn that 
standard metabolic rate is best expressed as a function 
of (M —F)" where 2/3 <n < 3/4. 

In the material standard metabolic rate per kg 
(M—F)" is not significantly different between the 
sexes for values of n of 2/3 or 3/4. The value for n in 
the material is significantly lower than 1. 

From a dimensional analysis of the work of the heart 
the maximal metabolic rate is expected to be a function 


F 2/8 
of 


2/3 
The maximal metabolic rate per kg (w— =) in 
the material is found to be 5.4 % lower for the female 
than for the male subjects. The difference is not statis- 


tically significant. 


The possible difference in maximal metabolic rate be- 
tween the sexes could be explained by the difference in 
relative hemoglobin content of the blood. 
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The influence of body size on standard metabolic rate 
cannot be directly derived by dimensional analysis. | 
The question is open whether the quotient between ' 
maximal and standard metabolic rate is independent of 
body size. If this would be the case standard metabolic 
rate could indirectly be predicted from a dimensional 
analysis. 
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APPENDIX 


The following tables give the data obtained for the test 
subjects from the experiments. 

It may be mentioned that the values given for body weight, 
body volume, standard oxygen consumption and maximal 
oxygen consumption are mean values taken from two different 


determinations. The figures given for the fat content are 
the mean values taken from the two original measurements 
of weight and volume. Therefore the figure for fat shown in 
the table does not always fit the mean values for weight and 


volume. 
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DATA ON TEST SUBJECTS 


Male 


Stand.O, Ma 
Age Height Weight inudpbject 


Subject years cm kg 


ml/min 


174 62.7 275 
so 171 67.6 
188 71.1 
177 75.4 273 
73.2 
76.6 
67.8 
70.0 
58.5 
EP. 69.3 
70.4 
30 73.4 
23 78.3 


. 
350. 
4.0583. . 
3p 
3508. . 
. 
31 
3. 
45. 
4.10. 
4. 
45m. 
40. 
3.83 
5 
3.5: 
. 
28) 
3. 
. 
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DATA ON TEST SUBJECTS 


Female 
Stand.O, Max. 0. 


Age Height Weight Volume Fat leteke intake 
8 kg ml/min —1/min 

19 166 64.6 62.1 14.6 238 2.85 
21 168 59.6 57.0 11.9 212 2.75 
36 170 58.9 56.9 14.6 214 1.45 
22 170 61.9 58.5 9.7 208 3.45 
22 165 62.4 59.1 10.4 221 3.75 
22 174 62.3 58.8 9.6 212 2.95 
21 161 55.0 53.0 13.2 200 1.70 
21 170 55.1 52.0 8.3 233 3.10 
21 172 72.5 69.5 15.7 269 2.80 
20 171 64.7 60.9 8.9 257 2.90 
23 165 51.2 49.4 12.1 224 2.00 
25 172 60.8 58.3 13.3 249 3.35 
21 173 58.7 56.1 11.9 220 2.75 
18 162 47.6 44.9 7.3 197 — 

24 167 71.2 69.4 20.0 239 3.45 
27 169 55.2 53.1 12.5 196 3.30 
26 163 65.6 63.2 15.5 241 3.55 
21 172 65.7 62.5 12.2 249 3.10 
21 178 62.9 59.5 10.3 259 2.90 
21 170 61.2 57.8 9.6 204 3.10 
19 174 72.6 69.8 16.4 243 3.80 
29 172 68.6 66.9 19.4 212 2.95 
26 166 50.5 47.6 7.3 200 3.05 
20 164 58.9 55.9 8.8 236 2.80 
21 167 58.4 55.4 10.2 215 3.10 
22 173 69.0 66.5 16.5 238 3.70 
21 170 70.6 67.7 15.3 230 2.90 
23 166 58.5 55.7 11.1 217 4.10 
25 168 56.4 52.9 7.5 206 2.80 
23 173 60.9 56.5 5.3 236 3.50 
20 169 66.8 63.5 12.5 210 3.20 
21 174 78.3 76.1 21.4 241 3.10 
22 173 58.9 56.2 11.4 227 3.15 
19 175 66.5 63.1 11.6 220 3.10 
22 168 70.7 68.2 17.0 240 3.05 
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All measurements are made in metric units. In the com- 
putations the MKS unit system is used. This system is based on 
the three fundamental units 


for length: meter, m 
» mass: kilogram, kg 
» time: second, s 


Derived units are 


for surface area: square meter, m? 

» volume: cubic meter, m* 

» density: kg/m?* 

» force: newton, N 

» pressure: N/m? 

» mechanical work: newtonmeter, Nm 

» heat: joule, J 

» power: Watt, W or Nm/s or J/s 


The unit for force, newton, is defined as the force giving 
one unit for mass (1 kg) an acceleration of 1 m/s?. 

In transformation of work the following relationship is 
valid: 


1 Nm =1J=1 Ws 


In transformations from conventional units the following 
relations are valid: 


1 kilogramforce or kilopond = 9.80665 N 
1 Cal or keal —= 4187 J 

1 mm Hg pressure = 133.2 N/m? 
1 bar — 10° N/m? 
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SYMBOLS 
om- A = surface area 1 = liter 
1 on a = adipose tissue fraction | L.B.M. = lean body mass 
of body M = mass 
C = centigrade M, = weight in air 
| cm = centimeter M,, = weight in water 
C.N.S. = central nervous system m — meter 
D = density min = minute 
D,= density of adipose tissue ml = milliliter 
D, = density of L.B.M. mm = millimeter 
' D, = density of fatfree L.B.M. N = newton 
D, = density of soft tissue n = number 
d= difference Nm = newtonmeter 
d= mean difference p = pressure, probability 
E,, = energy delivered by the Q = density of water 
heart R = Réamur 
} F = mass of fat S= sum 
; f = fat fraction of body s = skeleton fraction of body 
— f, = fat fraction of adipose S.D. = standard deviation 
: tissue sec = second 
P  f,= fat fraction of skeleton sp.gr. = specific gravity 
| g = gram o = standard deviation 
J = joule t = time 
wing k = constant V = volume 
kg = kilogram v = velocity 


A figure following the value for a mean and the sign + denotes the 
ndard error of the mean. 
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